Bainite
Introduction
SAE 52100 is an alloy steel with high carbon with chromium as an alloying element, which has been widely applied in rolling bearings [1] . The traditional heat treatment process for SAE 52100 steel consists of a quenching process followed by a tempering step at low temperature. The resulting tempered martensite microstructure provides SAE 52100 steel with high strength and high fatigue resistance [2] . An isothermal heat treatment process has been suggested as an alternative process to produce bainite microstructure in order to provide excellent mechanical properties including high toughness, strength and wear resistance [3, 4] . The bainite microstructure can be classified into upper and lower bainite in terms of the carbide precipitation. In upper bainite, most of the carbide is present within the interface between ferritic sheaves. In lower bainite, most of the carbide is formed inside the ferritic platelets without any carbon transfer [5] [6] [7] .
Krishna et al. [8] investigated the impact toughness and wear resistance of austempered SAE 52100 steel produced at an austempering temperature of 340 • C with holding durations of 10 min, 20 min and 30 min. They found that the impact toughness of austempered SAE 52100 steel specimens increased when they extended the holding duration due to the presence of more bainitic structure in the matrix. In their abrasion wear test, the wear loss of austempered specimens was much lower than that of annealed specimens. Kar followed by an isothermal thermal heat treatment step at 255 • C with a holding time of 60 min on SAE 52100 steel. Finally, they reported that using the two-cycle austenitizing process could result in doubling of the fracture toughness as compared with conventional quenched and tempered heat treatment. Kilicli et al. [10] demonstrated that varying austempering temperature was more effective than varying holding time in isothermal heat treatment on the fraction of bainite produced in SAE 52100 steel. Bainite + martensite microstructure was found to yield high levels of hardness (55-64 HRC) and enhanced impact toughness (24-54 Joule). Sari et al. [11] found that nitrogen and carbon dioxide ion implantation could be used to modify the mechanical properties of a wide range of metals and alloys using plasma techniques for ion sources and plasma surface treatment. The hardness of SAE 52100 samples could be increased 30-49% using N + 2 ions, and 5-17% using co2+ ions. Chakraborty et al. [12] found that an optimum austempering process (270 • C, 30 min) followed by water quenching can develop a bainite + martensite duplex microstructure and improved levels of hardness (62HRC) and tensile (2250 MPa) and impact strength (53 J).
In the past two decades, researchers have investigated the mechanical properties of austempered SAE 52100 steel. However, few researchers thoroughly studied the formation and morphological transformation of bainitic structure in the matrix of SAE 52100. In this study, eight austempering temperatures and twenty-three holding times were utilized for detailed analysis. The Rockwell hardness and microstructure were studied using a hardness tester and optical microscopy. Also, the transformation kinetics of bainitic formation are characterized in this research.
2.
Experimental procedure
Chemical composition
The chemical composition of the SAE 52100 steel used in this research is shown in Table 1 .
Heat treatment process

As-received SAE 52100 steel
The microstructure of as-received SAE 52100 steel is shown in Fig. 1 . It can be seen that the spherodized carbide is uniformly distributed in the ferrite substrate.
Isothermal heat treatment process
The fully spherodized SAE 52100 steel cylindrical specimens with a diameter of 15 mm and thickness of 10 mm were first The austempered specimens were cooled to room temperature by water quenching. The sketch of the heat treatment process is shown in Fig. 2 . The molten salt bath furnaces were used in this research in order to eliminate or minimize the effects of any oxidation and decarburization.
Rockwell hardness measurement
The hardness of the austempered SAE 52100 steel specimens were measured using a Rockwell C hardness tester. The specimens were ground and polished to produce smooth and flat surfaces for accurate measurements. The hardness measurement on each specimen was repeated three times and averages were reported. 
Metallurgical evaluation
The cylindrical specimens were hot mounted using polymer resin powder. The surfaces of the mounted specimens were ground using SiC sandpaper ranging from 240-grit to 1200-grit and polished using 0.05 m Al 2 O 3 suspension to a mirrorlike finish. Then, the mounted specimens were etched using 3% nital solution for approximately 2 s to 3 s. Finally, optical microscopy was used to observe the microstructure of the SAE 52100 specimens.
Results and discussion
Rockwell C hardness measurement
The hardness measurements of austempered SAE 52100 steel specimens produced by various austempering temperatures and holding times are plotted in Fig. 3 . For all austempering temperatures, it was found that the hardness drops over a certain period and then gradually becomes flat. The holding times when the hardness starts to drop and then remains flat are defined as the beginning and ending points of the bainitic transformation reaction from austenite. The beginning point of bainitic transformation begins earlier with increasing austempering temperature. In addition, the slope of the transition period became larger at higher austempering temperature. This is because the rate of carbon diffusion is accelerated at high austempering temperature. The rate of the transformation reaction was also accelerated by faster diffusion of carbon at high temperature.
Morphological analysis of bainite
The microstructures of austempered SAE 52100 steel specimens produced by various austempering temperatures and holding times are shown in Fig. 4 found in the microstructure of the SAE 52100 steel produced by an austempering temperature of 343 • C.
Transformation kinetics study
Phase transformation fraction
The fraction of bainitic transformation was determined by using hardness measurements, see Eq. 1. In Fig. 5 , it can be seen that the transformation rate increases when increasing the austempering temperatures.
Where: X t -The fraction of bainitic transformation H 0 -The initial hardness, which corresponds to the beginning of the bainitic transformation reaction H t -The hardness measured at a specific holding time during the bainitic phase transformation H f -The final hardness, which corresponds to the end of the bainitic transformation reaction
The "Avrami" equation (Eq. 2) can be used to describe the relationship between the phase transformation and specific holding durations. For each austempering temperature.
Where: X -Transformation fraction after a specific holding time k -Rate coefficient of the transformation reaction n -Slope of "Avrami" plot The above Eq. 2 can be reorganized as follows (Eq.s 3 and 4) to determine the values of "k" and "n". 
The values of "k" and "n" were obtained from the plots of the organized "Avrami" equation. "k" was the y intercept of the best fit line, and "n" was the slope of the regression equation. The regression equations for each austempering temperature are shown in Fig. 6 .
The linear regression equations for each austempering temperature are shown in Table 2 . The values of "k" and "n" are summarized in Table 3 . 
Activation energy
The activation energy is the minimum energy required to initiate a chemical reaction. According to the "Arrhenius" equation (Eq. 5), the activation energy for both upper and lower bainite was found as follows: The above "Arrhenius" equation can be rewritten as shown in equation 6 to determine the values of "Q" and "A". The plots of "lnk" versus "1/T" are shown in Fig. 7 .
The values of "Q" and "A" can be determined by the slope of the regression line and intercept with Y axis, see Table 4 . lnk = − Q RT + lnA (6) 
Summary and conclusions
In this research, austempered SAE 52100 steel specimens were produced using various austempering temperatures and holding times. The Rockwell C hardness and microstructure of bainitic SAE 52100 steel were evaluated. Also, the transformation kinetics of bainitic formation was studied. Several conclusions can be summarized as follows:
1 Lower bainite was produced using austempering temperatures ranging from 232 • C (450 • F) to 343 • C (600 • F). The ferrite platelets became coarse and upper bainite was produced whe n using the austempering temperatures of 372 • C (700 • F) and 427 • C (800 • F). 
